A temperature-sensitive (ts) mutant of the CHO-K1 cell line, tsTM18, grows at 34˚C but not at 39˚C. Smu1 is the gene responsible for ts defects of tsTM18 cells. Previously, we found that the Smu1 ts defect altered the localization (as indicated by enlargement of speckles) of SRSF1 (SF2/ASF) in tsTM18 cells cultured at 39˚C, suggesting a functional association between Smu1 and SRSF1. Speckles are subnuclear structures that may function as storage/assembly/ modification compartments to supply splicing factors to active transcription sites. The effect of the ts defect of Smu1 on the localization of other factors related to splicing has not been characterized yet. The mechanisms underlying the enlargement of speckles of SRSF1 remain unclear. In the present study, we found that the ts defect of Smu1 affected the nuclear localization of a splicing factor, SRSF2 (SC35), and factors involved in the exon-exon junction complex, Y14 and ALY. Reverse transcription-polymerase chain reaction (RT-PCR) analysis revealed that the ts defect of Smu1 affected alternative splicing of endogenous Clk1/ Sty and SRSF2 genes. Mammalian Clk family kinases are shown to phosphorylate serine/arginine (SR) proteins in vitro and SRSF1 in vivo. RT-PCR analysis of Clk1/Sty showed an accumulation of the truncated form lacking kinase activity in tsTM18 cells incubated at 39˚C. These data indicate that an accumulation of kinase-negative Clk1/Sty may lead to alteration of the localization of factors related to splicing resulting in the enlargement of speckles.
INTRODUCTION
Splice site selection in higher eukaryotes is determined by multiple factors involving cis-acting regulatory elements and their binding proteins. Serine/arginine-rich (SR) splicing factors, which also have characteristic RNAbinding domains, are necessary for an early step in the spliceosome assembly and can influence the selection of alternative splice sites [1] [2] [3] . SR proteins often bind to exonic splicing enhancers, whereas heterogeneous nuclear ribonucleoproteins typically bind to exonic splicing silencers. During splicing, factors required for translation, quality control, and export are recruited to the mRNA. These proteins are deposited on 20 -24 nucleotides upstream of the mRNA exon-exon junction and are referred to as the exon-exon junction complex (EJC) [4, 5] .
"Speckles" are subnuclear structures that are visualized by immunofluorescence microscopy, typically using antibodies raised against factors essential for splicing [6] . Usually 25 -50 speckles, which range in size from one to several micrometers in diameter, are observed per interphase mammalian nucleus. It is suggested that speckles are dynamic structures and may function as storage/assembly/modification compartments to supply splicing factors to active transcription sites. When transcription or pre-mRNA splicing is inhibited, splicing factors accumulate predominantly in enlarged, rounded speckles [6] .
A temperature-sensitive (ts) mutant of the CHO-K1 cell line, tsTM18, grows at 34˚C but not at 39˚C [7] . Smu1 is the gene responsible for ts defects of tsTM18 cells [8] . In our previous study, we found that introducetion of a hybrid gene encoding Smu1 tagged with green fluorescent protein allowed tsTM18 cells to grow at 39˚C, resulting in co-localization with SRSF1 [9] . SRSF1 (SF2/ASF) is a member of the SR splicing group of factors [10, 11] and is considered to be involved in the integrity of genome maintenance [12] . We also found that the ts defect of Smu1 appeared to alter the localization (indicated by enlargement of speckles) of SRSF1 in tsTM18 cells cultured at 39˚C, suggesting a functional association between Smu1 and SRSF1 [9] . Inhibition of transcription often results in changes in the size, shape, and number of speckles [6] . However, the enlargement of speckles by the ts defect of Smu1 was independent of the activity of transcription [9] . We also revealed that incubation at 39˚C resulted in a significant decrease in Smu1 in tsTM18 cells [9] . Judging from our previous results, Smu1 may function in the proper localization of SRSF1 at the sites of mRNA processing. However, the mechanisms underlying the enlargement of speckles of SRSF1 remain unclear. In the present study, we found that the accumulation of transcript that encodes kinase-negative form of Clk1. We also identified the altered localization in a Smu1-dependent manner of proteins involved in mRNA processing, SRSF2, ALY, and Y14.
MATERIALS AND METHODS

Cells
The Chinese hamster cell line, CHO-K1, and its ts-mutant cell, tsTM18, were grown in Ham's F-12 medium (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal calf serum, 2 mM L-glutamine, and antibiotics (Gibco/Invitrogen, Carlsbad, CA, USA).
Indirect Immunolabeling and Microscopy
Procedures for the indirect immunolabeling and microscopy of immunolabeled cells have been described previously [13] . Primary antibodies used in this study were . The size and number of fluorescently labeled speckles per nucleus was determined with ImageJ 1.42q (http://rsb.info.nih.gov/ij/; http://www.macbiophotonics.ca/imagej/). This analysis was performed by applying a threshold intensity limit to produce binary images that could be measured and counted.
RT-PCR
Procedures for RT-PCR have been described previously [14] . RT-PCR of the hamster Clk1/Sty, SRSF2, Bcl-X, and CD44 genes was carried out with the following primer pairs: Clk1/Sty, 
RESULTS
Temperature-Sensitive Defect of Smu1 Alters the Nuclear Localization of Splicing Factors
The effect of the ts defect of Smu1 on the localization of other factors related to splicing has not been characterized yet. We examined the localization of proteins related to splicing with antibodies raised against them. SRSF2 (SC35) is involved in pre-mRNA splicing and is found in speckles [15] . "Splicing speckles" are major nuclear domains rich in components of the splicing machinery [6] .
We found enlarged signals of anti-SRSF2 in the tsTM18 cells at 39˚C (Figure 1(a) ). However, changes in speckles containing SRSF2 caused by incubation at 39˚C appeared to be less significant than those in speckles containing SRSF1. According to our previous study [9] , the average size of enlarged speckles of SRSF1 was larger than 0.3 µm 2 , but that of SRSF2 was approximately 0.1 µm 2 ( Figure 1 
(b)).
We also obtained similar results to those of anti-SRSF1 with two other antibodies raised against components of the EJC, anti-ALY and anti-Y14 (Figure 1(a) ). Studies addressing the structure of the EJC/RNA complex suggest that Y14 and ALY are involved in the EJC as a component of a stable tetrameric inner core and as one of the outer shell proteins, respectively [16] [17] [18] . In both CHO-K1 and tsTM18 cells grown at 34˚C, anti-Y14 yielded many small bright foci in discrete nucleoplasmic sites but few in the nucleoli or the cytoplasm. At the same temperature, anti-ALY yielded more diffuse nuclear staining than did anti-Y14 and some diffuse staining in the cytoplasm (Figure 1(a) ). In tsTM18 cells, incubation at 39˚C resulted in the greater accumulation of ALY or Y-14 than at 34˚C, and both antibodies showed obviously enlarged nuclear speckles after 8 hours of incubation. Growth at 39˚C also induced more cytoplasmic labeling of ALY (Figure 1(a) ).
Temperature-Sensitive Defect of Smu1
Affects Alternative Splicing A number of studies have reported that Clk kinases can modulate the localization and function of SR proteins in the nucleus [19] [20] [21] . It is possible that Clk family kinases are key regulators of SR protein function, which in turn regulate alternative splicing, by phosphorylating SR proteins. This phosphorylation also affects the subcellular localization [22] and the stability of a particular SR protein [23] . We therefore analyzed the localization of Clk1 kinase in tsTM18 cells incubated at 39˚C by indirect immunostaining. However, there was no temperature effect on the distribution of Clk1 kinase in tsTM18 cells (data not shown because alteration of the splicing patterns of these genes has been reported [24, 25] . Reverse transcription-polymerase chain reaction (RT-PCR) revealed that tsTM18 cells showed changes in splicing profiles of both the Clk1/Sty and SRSF2 genes during the culture at 39˚C but no change in the splicing profiles of the Bcl-X and CD44 genes (Figure 2) .
Mouse Clk1/Sty isoforms are translated from two alternatively spliced transcripts encoding either a fulllength catalytically active protein, 274 nucleotide (nt), Clk1/Sty or a truncated protein lacking the catalytic domain, 183 nt, Clk1/StyT [19] . In CHO-K1 cells, PCR product corresponding to the short form corresponding with Clk1/StyT was observed in addition to the long form corresponding with Clk1/Sty, showing good conservation of gene structure (Figure 2(a) ). It is reported that Clk1/Sty regulates splicing of its own pre-mRNA according to its kinase activity; increased expression of the catalytically active Clk1/Sty influences splicing to generate the splicing variant that lacks exon 2 and thus encodes the kinase-negative Clk1/StyT [19] . We assessed the effect of the ts defect of Smu1 on the kinase activitymediated exon skipping of Clk1/Sty pre-mRNA by RT-PCR. Incubation at 39˚C induced exon skipping and increased the levels of the truncated form (183 nt) in ts-TM18 cells, as shown in Figure 2(b) .
A subtle change of the SRSF2 splicing profile was also observed (Figure 2(b) ). In CHO-K1 cells, PCR products corresponding to the long-form (668 nt) and the short-form (274 and 170 nt) transcripts for SRSF2 were detected. Incubation at 39˚C increased the band intensity of the 274 nt in CHO-K1 cells and decreased that of the 274 nt in tsTM18 cells. Variation of splicing isoforms of SRSF2 detected by RT-PCR corresponds to the alteration of the 3' untranslated region, which is responsible for SRSF2 mRNA destabilization [26] . We have not obtained any results showing significant changes in the amount of SRSF2 protein in tsTM18 cells cultured at 39˚C. Further analysis is needed to clarify the physiological role of alternative splicing of SRSF2 with the ts defect of Smu1 in tsTM18 cells at 39˚C.
DISCUSSION
We found altered localization in a Smu1-dependent manner of proteins involved in mRNA processing, SRSF2, ALY, and Y14 (Figure 1) . These proteins appeared as enlarged speckles in tsTM18 cells at the nonpermissive temperature, although morphological and quantitative changes in the speckles appeared to be less significant in comparison with those of SRSF1 [9] . The involvement of two EJC proteins, ALY and Y14, in the altered localization may be consistent with a role of mRNA surveillance. The EJC is a multi-protein complex that is involved in mRNA export, cytoplasmic localization, and nonsensemediated mRNA decay. Recently, in vivo analysis with different fluorescence fluctuation microscopy techniques revealed that ALY and Y14 showed a reduction in their nuclear mobility when they complexed with RNA and interacted with nuclear speckles [27] . Our immunofluorescence analysis of ALY and Y14 may suggest that ac- cumulation of immature pre-mRNA led to the formation of enlarged speckles with proteins involved in the EJC because an accumulation of splice variants caused by alternative splicing and intron retention was found in tsTM18 cells at 39˚C [14] . However, we have no clear evidence showing a relation between EJC proteins and immature mRNA. The effect of ts defects of Smu1 on the localization of other EJC constituents is not still clear. It is also possible that the loss of nonsense-mediated mRNA decay may cause the accumulation of splicing variants in tsTM18 cells at the nonpermissive temperature. Thus, further analysis is needed to clarify the properties of EJC proteins in tsTM18 cells at 39˚C.
OPEN ACCESS
For SRSF2, the relation between its phosphorylation state and the change in speckles is considerable. The antibody used in this study recognizes a phosphorylated epitope within the SR domain of SRSF2 [15] . The phosphorylation of SR proteins affects their protein-protein and protein-RNA interaction [28] , intracellular localization and trafficking [29] [30] [31] [32] [33] , and protein stability [23] .
Mammalian Clk family kinases are demonstrated to phosphorylate SR proteins in vitro and SRSF1 in vivo. RT-PCR analysis of Clk1/Sty showed an accumulation of the truncated form lacking kinase activity in tsTM18 cells incubated at 39˚C (Figure 2) , suggesting that the mechanism of enlargement of speckles may be mediated by the phosphorylation of SR proteins. In addition, because phosphorylation is required for their recruitment from speckle to transcription site [30] , the accumulation of kinasenegative Clk1/StyT may be expected to lead to pronounced changes in alternative splicing. This is consistent with our finding of a ts defect in splicing of the unc52/perlecan [14] , Clk1/Sty, and SRSF2 genes (Figure 2) . Judging from our findings, in which ts defects of Smu1 in splicing were found in only several genes in tsTM18 cells, ts defects of Smu1 appeared to be restricted in splicing regulated by a few splicing factors. We conclude that ts defects of Smu1 gives rise to an accumulation of kinase-negative Clk1/Sty and may lead to alteration of the localization of factors related to splicing resulting in the enlargement of speckles. However, we have no clear evidence showing reduced kinase activity of Clk1/Sty in tsTM18 cells at 39˚C. Thus, further analysis is needed to clarify altered phosphorylation of SR proteins in a Smu1-dependent manner.
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